Supplementary Notes
Supplementary Note 1
Atomic structure of the device
We analysed the atomic structure of vertical graphene Josephson junction (vGJJ) devices using high-resolution scanning transmission electron microscope (HR-STEM) with image Cs-corrector (Jeol JEM-2200FS). We also determined the constituent atomic elements using a mapping of electron energy loss spectrometry (EELS). Supplementary Figures 1a and   1b show the bright-field STEM image and EELS image of the same area. Red and yellow colours map titanium atoms and carbon atoms, respectively. As shown in Supplementary   Figure 1c , thickness of the graphene was estimated by fitting the STEM intensity (black dots) across the graphene interface with a Gaussian distribution (red line), giving a full-width-halfmaximum (FWHM) of 0.44±0.01 nm, in good agreement with the thickness of a monolayer grapheme sheet (0.4 nm). This indicates that the vGJJ was fabricated as designed; the monolayer graphene (carbon) is atomically sandwiched between the 8-nm thick top and bottom titanium adhesion layers followed by the aluminum layers. Supplementary Figure 1d shows scanning electron microscope (SEM) image of a vGJJ (JJ2) described in the main text at a more tilted angle to show what the graphene is like at the sharp edges of an electrode. A single-atomic layer of graphene is not torn off at the sharp edges of the electrodes as indicated by the arrows.
Supplementary Note 2

R N dependence of I c R N product
We have fabricated and measured several vGJJs of monolayer graphene. The transparency and normal-state resistance of the interface between graphene and superconducting electrode materials vary from sample to sample, which may depend on various parameters; such as the vacuum level and the condition of the metallic electrode deposition chamber, deposition rate and the type of adhesion metal 1 and the superconducting material, residues of e-beam resist polymer on the surface of graphene, or possible mechanical stress imposed during the transferring processes. In our vGJJ geometry R N corresponds to the sum of the normal-state contact resistance (R N,C ) and the intrinsic vertical resistance of monolayer graphene (R N,MLG ), which has never been studied previously. Nonetheless, the R N,MLG A product (A is the lateral area of the junction), where samplespecific geometrical factors are eliminated, can be assumed to be constant for all vGJJs fabricated in the same fashion. Therefore, we can infer the value of R N,C , which characterises the quality of the interface, from the R N A product subtracted by a presumably constant offset
As shown in Supplementary Figure 2 , the value of the I c R N product, which represents the strength of the Josephson coupling, increases approaching the short ballistic limit (red dotted line) with decreasing R N A product. Here, a smaller value of R N A corresponds to a reduction of R N,C with more ideal contact. In our junctions, Josephson coupling is not observed even at the base temperature when the value of
Supplementary Note 3
Fraunhofer pattern
We applied magnetic field, B, perpendicular to or in parallel with the junction as depicted in Supplementary Figure 3a 
Supplementary Note 4 Fractional Shapiro steps
The conventional integer Shapiro steps appear at the voltage V = nhf mw with integer n as indicated in the Fig. 2d in the main text. A closer inspection of Fig. 2d also exhibits fractional Shapiro steps between the integer ones, which are more evident in the plot of differential conductance (dI/dV) as a function of V normalised by hf mw as shown in Supplementary Figure 4 . In addition to integer Shapiro steps (blue vertical lines), one-half and one-third fractional Shapiro steps appear as peaks of dI/dV indicated by green vertical line and black arrows, respectively. The observation of fractional Shapiro steps is an indirect evidence for the skewed CPR in our vGJJ. Shapiro steps reflect the CPR of JJs as they are the consequence of beating between an external microwave field and corresponding oscillating Josephson current. For a highly transparent JJ, such as an atomic point contact JJ and our vGJJ, higher harmonics of non-sinusoidal CPR were theoretically predicted to result in fractional Shapiro steps 10, 11 .
Supplementary Note 5
Graphene thickness dependence of junction characteristics
We fabricated a vGJJ out of graphene of various thicknesses to investigate the thickness dependence of the junction characteristics. Supplementary Figures 5a, b, and c show the temperature dependences of differential resistance dV/dI of vGJJs fabricated with monolayer graphene, five-layer graphene, and 43.2-nm-thick graphite, respectively. The black regions represent the regions of Josephson current characteristics, dV/dI = 0. As discussed in the main text, a monolayer graphene device shows a convex-shape of I c variation with increasing T up to the critical temperature (T c ) of the Josephson junction, representing the short ballistic nature (see Supplementary Figure 5a ). As the graphene flake becomes 5 times thicker, the convex shape of I c variation gets flattened so that I c decreases almost linearly with T as shown in Supplementary Figure 5b . In the far thicker graphite device, I c decreases with a concave-shape tail near T c of the Josephson junction, which is typical of a long diffusive junction 12 (see Supplementary Figure 5c ).
Supplementary Note 6
Measurements of current-phase relation
Current-phase relation (CPR) is measured in two more vGJJ devices embedded in dc-SQUID interferometers. Supplementary Figures 6a and b show optical images of SQ2 and SQ3 devices for CPR measurements. Red dotted lines represent monolayer graphene. In all SQUID devices including SQ1, which is the device discussed in the main text, aluminumbased tunnelling Josephson junctions are designed to have much larger Josephson current (I c,tJJ ) than that of vGJJs (I c,vGJJ ). Experimental data of the critical current of SQUID (I c,SQ ) modulation with magnetic fields are represented by symbols in Supplementary Figure 6c and fitted to the theoretical expectation for the junction transparency of  SQ1 = 1.00,  SQ1 = 0.7 and  SQ3 = 0.4 as fitting parameters. The theoretical calculation was done with Eq. (1) and the phase relation described in the main text with the self-inductance of the superconducting loop taken into account. I c,SQ modulation which represents the CPR of a vGJJ becomes more symmetric and sinusoidal with decreasing the transparency.
